Long noncoding RNAs (lncRNAs) are vital players in cancers, including hepatocellular carcinoma (HCC). We previously identified an lncRNA, GAS8-AS1, that is located in intron 2 of GAS8. However, its involvement in HCC is still largely unknown. In this study, we report that both GAS8-AS1 and its host gene GAS8 act as HCC tumor suppressors. We found that expression of GAS8-AS1 or GAS8 is significantly decreased in HCC tissues and is associated with a poor prognosis among HCC patients. Interestingly, lncRNA GAS8-AS1 could promote GAS8 transcription. We detected a CpG island in the GAS8 promoter, but lncRNA GAS8-AS1 did not affect DNA methylation at this GAS8 promoter site. Moreover, we identified two GAS8-AS1interacting proteins, mixed-lineage leukemia 1 (MLL1), a histone 3 Lys-4 (H3K4) methyltransferase, and its partner WD-40 repeat protein 5 (WDR5). RNA pulldown, ChIP, and RNA immunoprecipitation assays revealed that GAS8-AS1 is required for maintaining the GAS8 promoter in an open chromatin state by recruiting the MLL1/WDR5 complex and for enhancing RNA polymerase II activity and GAS8 transcription. Of note, GAS8-AS1-dependent GAS8 hyperactivation inhibited malignant transformation of hepatocytes. Our results provide important insights into how lncRNA GAS8-AS1 suppresses HCC development and suggest potential strategies for treating patients with liver cancer. . 2 The abbreviations used are: HCC, hepatocellular carcinoma; lncRNA, long noncoding RNA; MLL1, mixed lineage leukemia 1; H3K4, histone 3 Lys-4; H3K4me3, H3K4 trimethylation; WDR5, WD-40 repeat protein 5; RNP, ribonucleoprotein; PRC2, Polycomb repressive complex 2; Pol II, polymerase II; OS, overall survival; NC RNA, negative control RNA; qRT-PCR, quantitative RT-PCR; qPCR, quantitative PCR; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
Hepatocellular carcinoma (HCC) 2 is a lethal malignancy with the highest morbidity in Asia and Sub-Saharan Africa (1, 2) . Worldwide, China alone bears more than 50% of the whole burden (1). The evidently differential prevalence of HCC elucidates that multiple genetic and environmental factors might be involved in its development and progression. There are several main epidemiological risk factors, such as chronic hepatitis B or C virus infection, excessive drinking, and exposure to dietary aflatoxin B (2) . Like other cancers, carcinogenesis and progression of HCC are associated with the accumulation of genetic and epigenetic alterations. However, the detailed molecular pathogenesis mechanisms of these alterations in HCC remain to be investigated.
Originally, long noncoding RNAs (lncRNAs), an emerging class of Ͼ200-nt-long transcripts mostly not translated into proteins, were considered as transcriptional noises of human genome (3) . Accumulated evidence demonstrated that lncRNAs are vital players in diverse cellular processes from normal development to disease processes (4 -6) . It is now estimated that the human genome encodes about 28,000 distinct lncRNAs, many of which are still being discovered and are yet to be functionally annotated on the basis of the ENCODE project (7) (8) (9) . In particular, it has become increasingly apparent that lncRNAs may play a critical role in regulating chromatin dynamics, gene expression, growth, differentiation, and development (10, 11) . lncRNAs could act as scaffolds that bring together multiple proteins to form functional ribonucleoprotein (RNP) complexes and regulate the function, stability, or activity of these RNPs (12) (13) (14) . For example, lncRNA HOTAIR acts as a scaffold to recruit Polycomb repressive complex 2 (PRC2) complex proteins required for chromatin remodeling and, thus, regulates H3 lysine 27 methylation and gene expression (15) . As a result, increased expression of HOTAIR leads to a genome-wide reprogramming of PRC2 function and enhanced tumorigenesis as well as metastatic progression (15) (16) (17) (18) (19) .
We identified a significantly mutated lncRNA gene, GAS8-AS1, as a tumor suppressor in our previous study (20) . However, its role in HCC is still largely unknown. In this study, we show that lncRNA GAS8-AS1 directly interacts with mixed lineage leukemia 1 (MLL1), which can specifically methylate histone 3 Lys-4 (H3K4) via forming a complex with WD-40 repeat protein 5 (WDR5) and other components and have pivotal roles in the transcriptional regulation of multiple downstream genes (21) (22) (23) (24) (25) . Interactions between lncRNA GAS8-AS1 and MLL1/ WDR5 complex induce H3K4 methylation of tumor suppressor GAS8 promoter, facilitate RNA polymerase II (Pol II) recruit-ment, and consequently activate GAS8 expression. GAS8-AS1-dependent GAS8 hyperactivation inhibits malignant transformation of hepatocytes. Significantly suppressed expression of GAS8-AS1 is commonly observed in HCC and was associated with poor overall survival (OS) of HCC patients. Interestingly, restored expression of GAS8-AS1 leads to HCC cells to be more sensitive to sorafenib, a commonly used targeted therapy drug in advanced HCC patients. Our data reveal that lncRNA GAS8-AS1 is a novel HCC tumor suppressor in vivo and in vitro and provide a rationale for targeting GAS8-AS1, either alone or in combination with sorafenib, when treating HCC.
Results

Clinical significance of lncRNA GAS8-AS1 and GAS8 expression in HCC tissues
We detected GAS8-AS1 and GAS8 expression in 82 pairs of HCC tissues and adjacent normal tissue specimens. Significantly decreased GAS8-AS1 and GAS8 expression in HCC tissues was found compared with normal tissues in Shandong cohort (both p Ͻ 0.05) ( Fig. 1, A and B) , which was validated in Jiangsu cohort and combined data (all p Ͻ 0.01) ( Fig. 1, A and  B) . Interestingly, we found significantly positive correlation between GAS8-AS1 and GAS8 expression in tissue specimens from both Shandong cohort (Spearman's correlation: HCC tissues, r 2 ϭ 0.33, p ϭ 0.002; normal tissues, r 2 ϭ 0.16, p ϭ 0.020) ( Fig.  1C ) and Jiangsu cohort (Spearman's correlation: HCC tissues, r 2 ϭ 0.11, p ϭ 0.026; normal tissues, r 2 ϭ 0.14, p ϭ 0.009) ( Fig. 1D ).
We also examined whether differential GAS8-AS1 and GAS8 expression impact HCC prognosis. As shown in Fig. 1E , patients with high GAS8-AS1 expression in HCC tissues had significantly longer OS time than those with low GAS8-AS1 expression in Shandong cohort (median OS, 34.0 versus 16.0 months; p ϭ 0.036). Similar results were also found when patients were grouped with GAS8 expression in HCC tissues (median OS, 31.0 versus 16.0 months; p ϭ 0.015) ( Fig. 1E ). We also evaluated the prognostic value of GAS8-AS1 and GAS8 expression in Jiangsu cohort and observed consistent results (GAS8-AS1: median OS, 40.0 versus 17.0 months; p ϭ 0.012; GAS8: 39.0 versus 18.0 months; p ϭ 0.027) ( Fig. 1F ). These data elucidated that GAS8-AS1 and GAS8 may be tumor suppressors during HCC development. . Significantly elevated expression of both GAS8-AS1 and GAS8 expression in HCC was found in HCC tissues. All data of GAS8-AS1 or GAS8 expression were normalized to ␤-actin mRNA expression levels. C and D, positive correlations between GAS8-AS1 and GAS8 expression in Shandong cohort or Jiangsu cohort. E and F, survival analyses of GAS8-AS1 or GAS8 expression of HCC patients from Shandong cohort or Jiangsu cohort. Survival curves were constructed using the Kaplan-Meier method and evaluated using the log-rank test.
lncRNA GAS8-AS1 suppresses HCC progression lncRNA GAS8-AS1 and GAS8 suppress HCC proliferation
To investigate how GAS8-AS1 and GAS8 are involved in hepatocarcinogenesis, we next investigated their impacts on biological behaviors of HCC cells. We first examined whether ectopic GAS8-AS1 and GAS8 could modulate cellular proliferation ( Fig. 2 , A-D). We found that overexpression of GAS8-AS1 can significantly reduce viability of HepG2 and SMMC7721 cells (Fig. 2 , A and C). For example, there was 18.4 or 22.3% reduced viability of HepG2 or SMMC7721 cells at 72 h after transfection (both p Ͻ 0.01). Similarly, overexpression of GAS8 can significantly inhibit growth of HCC cells (Fig. 2, A and C) . On the contrary, lncRNA GAS8-AS1 down-regulation with different siRNAs (siGAS8-AS1-1, siGAS8-AS1-2, and siGAS8-AS1-3) did significantly accelerate proliferation of both HepG2 and SMMC7721 cells compared with cells transfected with NC RNA (all p Ͻ 0.05) (Fig. 2 , A and C). Similar results were observed in HepG2 and SMMC7721 cells with silenced GAS8 expression (all p Ͻ 0.05) (Fig. 2 , A and C). Interestingly, GAS8 overexpression could reverse the growth acceleration phenotype induced by GAS8-AS1 silencing ( Fig. 2E ). We also monitored how GAS8-AS1 and GAS8 influence colony formation and found that both genes could significantly suppress colony formation of both HepG2 and SMMC7721 cells (all p Ͻ 0.01) ( Fig. 2F and Fig. S1 ). These are in line with cell viability assays and supporting the tumor suppressor nature of GAS8-AS1 and GAS8 in HCC ( Fig. S1 ).
lncRNA GAS8-AS1 and GAS8 induce apoptosis of HCC cells via sensitizing cells to sorafenib
To gain insight into the functional relevance of lncRNA GAS8-AS1 and GAS8 on cell proliferation suppression, we detected how they influence apoptosis and cell cycle progression of HCC cells ( Fig. 3 and Figs. S2-S4). As shown in Fig. S2 , ectopic lncRNA GAS8-AS1 and GAS8 are able to induce significantly increased apoptosis of both HepG2 and SMMC7721 cell lines. Interestingly, lncRNA GAS8-AS1 or GAS8 significantly sensitizes HCC cells to sorafenib, a widely used targeted drug treating advanced HCC (Fig. 3 , A and C). On the contrary, HCC cells with suppressed GAS8-AS1 or GAS8 expression showed much less apoptosis rates compared with the NC RNA controls ( Fig. S2) . Similar results were observed in HCC cells treated with sorafenib ( Fig. 3, B and D) . However, neither GAS8-AS1 nor GAS8 could induce obvious cell cycle arrest (Figs. S3 and S4).
lncRNA GAS8-AS1 and GAS8 inhibit migration and invasion of HCC cells
We then investigated whether lncRNA GAS8-AS1 and GAS8 impact HCC invasion and metastasis. The wound-healing assays indicated that lncRNA GAS8-AS1 and GAS8 impaired the motility of the HepG2 and SMMC7721 cells compared with the control cells ( Fig. 4, A and B) . In contrast, siRNAs of GAS8-AS1 and GAS8 were capable of significantly accelerating migration of HCC cells (Fig. 4, A and B) . Next, how lncRNA GAS8-AS1 and GAS8 influence invasiveness of HCC cells was examined using the Matrigel invasion assay system. lncRNA GAS8-AS1 and GAS8 could significantly reduce invasion ability of HCC cells (Fig. 4, C and D) . Consistent with this, silencing lncRNA GAS8-AS1 or GAS8 also led to enhanced invasion ability of HCC cells (Fig. 4, C and D) . To exclude the possibility that cell death contributes to the decrease in cell migration and invasion, we performed both migration and invasion assays within 24 h ( Fig. S5 ), which is in line with results at 48 h. To evaluate the mechanistic rationale, we examined expression changes of two markers of epithelial-to-mesenchymal transition after overexpression or silencing of GAS8-AS1 in HCC cells. Interestingly, GAS8-AS1 could significantly increase ZO-1 expression and reduce vimentin expression. Additionally, silencing GAS8-AS1 induced ZO-1 expression and promote vimentin expression ( Fig. 4E ).
lncRNA GAS8-AS1 recruits MLL1/WDR5 complex to modulate H3K4 methylation of GAS8 promoter and activates its expression
Positive correlation between lncRNA GAS8-AS1 and GAS8 mRNA in tissue specimens suggested that expression of GAS8 is functionally linked to transcription of GAS8-AS1. Therefore, we first examined whether silencing endogenous lncRNA GAS8-AS1 impacts expression of GAS8 in HCC cells ( Fig. 5A ). Indeed, knockdown of GAS8-AS1 in HepG2 or SMMC7721 cells led to decreased mRNA and protein expression of GAS8 ( Fig. 5A ), demonstrating that lncRNA GAS8-AS1 might play an important regulatory role in expression control of GAS8 in HCC cells. To exclude the possibility that those siGAS8-AS1 duplexes may target the GAS8 pre-mRNA, we designed and synthesized three siRNAs targeting intron 1 of GAS8 (Table S2 ). It was found that these siRNA duplexes could not significantly change GAS8 mRNA expression ( Fig. S6 ).
We then evaluated cellular localization of lncRNA GAS8-AS1 in HCC cells to determine its detailed regulatory mechanisms on GAS8. After RNA was extracted separately from nuclear and cytoplasmic fractions of HCC cells, lncRNA GAS8-AS1 expression was examined alone with S14 and U2 RNA. lncRNA GAS8-AS1 was predominantly found in the nuclear fraction, as was U2 RNA in HCC cells (Fig. 5B ). As a result, we speculated that lncRNA GAS8-AS1 may impact epigenetics modification of a promoter region of GAS8 (i.e. DNA methylation or histone modification) and, thus, regulate its expression. There is a predicted CpG island in the promoter of GAS8 and covering a part of the 5Ј-flanking region, whole exon 1, Figure 2 . lncRNA GAS8-AS1 or GAS8 inhibits cell proliferation of HepG2 or SMMC7721 cells. A and B, overexpression of GAS8-AS1 or GAS8 inhibits HepG2 cell growth. On the contrary, silencing expression of GAS8-AS1 or GAS8 with their siRNAs (siGAS8-AS1-1/-2/-3 or siGAS8-1/-2/-3) significantly accelerates proliferation of HepG2 cells. Cell number was counted at 24, 48, and 72 h after transfection. C and D, similar results were observed in SMMC7721 cells. E, endogenous GAS8-AS1 expression was first silenced using various siRNAs (siGAS8-AS1-1/-2), and GAS8 was then overexpressed using its expression construct in HepG2 cells. Interestingly, GAS8 overexpression could reverse the growth acceleration phenotype induced by GAS8-AS1 silencing. F, colony formation assays indicate that both genes significantly suppress colony formation of both HCC cell lines. At the 12th day after transfection, colony number in each well was counted. All results of the mean of triplicate assays with S.D. (error bars) are presented. *, p Ͻ 0.05; **, p Ͻ 0.01. 
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and a part of intron 1 (http://www.ebi.ac.uk/Tools/seqstats/ emboss_cpgplot/) 3 (37) . Considering that altered transcripted lncRNA may interfere with neighborhood DNA methylation, we detected whether suppressed GAS8-AS1 influences DNA methylation of the neighborhood GAS8 CpG island DNA methylation in HCC. As shown in Fig. S7 , we found that silencing endogenous lncRNA GAS8-AS1 did not impact DNA methylation of the GAS8 CpG island in both HepG2 and HeLa cells.
There are multiple peaks of H3K4 methylation modifications (especially H3K4me3 modification) at the promoter of GAS8 in HepG2 cells according to the ENCODE ChIP-Seq data (Fig. S8) . We then tested the hypothesis that lncRNA GAS8-AS1 may impact H3K4me3 at the GAS8 promoter. After knockdown expression of endogenous lncRNA GAS8-AS1 (Fig. S9) , significantly reduced H3K4me3 at the GAS8 promoter was observed (Fig. 5, C and D) , indicating that endogenous lncRNA GAS8-AS1 expression is essential in maintaining hyper-H3K4 trimethylation of the GAS8 promoter. In support of this, silencing GAS8-AS1 led to decreased occupancy of RNA Pol II at the GAS8 promoter ( Fig. 5, C and D) , which may be due to reduced H3K4me3 modification at the GAS8 promoter.
Accumulated evidence demonstrated that some lncRNAs alter epigenetic signatures through interactions with chromatin-remodeling enzymes. Accordingly, we predicted potential histone methyltransferase candidates that may interact with lncRNA GAS8-AS1 by the RPISeq software (http://pridb. gdcb.iastate.edu/RPISeq/) 3 (38) . With lncRNA HOTTIP as the positive control, we found that GAS8-AS1 may interact with MLL1, a key H3K4 methyltransferase, and its partner WDR5 (Fig. S10 ). We reasoned that lncRNA GAS8-AS1 might guide the MLL1/WDR5 complex to the GAS8 promoter. To verify this hypothesis, we performed RNA pulldown to determine whether GAS8-AS1 and MLL1 or WDR5 form a RNP complex. In vitro-transcribed biotinylated transcripts of GAS8-AS1 or antisense GAS8-AS1 (negative control) were incubated with nucleus HepG2 cell extracts. The presence of MLL1 and WDR5 was examined by Western blotting. Pulldown with GAS8-AS1, but not with an antisense GAS8-AS1, was able to detect both proteins ( Fig. 5E ), indicating that MLL1 and WDR5 associate with GAS8-AS1 in the nucleus. Consistent with this, ChIP assays indicate that both MLL1 and WDR5 can directly bind to the promoter of GAS8 (Fig. 5F ). In support of the notion that lncRNA GAS8-AS1 recruits the MLL1/WDR5 complex to the GAS8 promoter, knockdown of GAS8-AS1 significantly inhibited MLL1-mediated H3K4me3 of the GAS8 promoter and prevented GAS8 expression in HCC cells (Fig. 5F ). To examine whether GAS8-AS1 physically interacts with the MLL1/WDR5 complex, we detected GAS8-AS1 in RNA extracted from the precipitated MLL1 protein or WDR5 protein in HepG2 cells.
We found that there was an 8.5-or 2.9-fold enrichment for MLL1 or WDR5 compared with IgG ( Fig. 5G ). On the contrary, ectopic lncRNA GAS8-AS1 increased H3K4me3 modification, Pol II occupancy, and binding of MLL1 or WDR5 to the GAS8 promoter in HCC cells (Fig. S11) .
lncRNA GAS8-AS1 and GAS8 inhibit HCC growth in vivo
We evaluated the in vivo anti-cancer effects of GAS8-AS1 and GAS8 using HepG2 xenografts. It was found that tumor proliferation from xenografts with ectopic lncRNA GAS8-AS1 or GAS8 was significantly suppressed compared with the control HCC xenografts (both p Ͻ 0.01) (Fig. 6A ). However, there were no significant differences in mouse weight between GAS8-AS1, GAS8, and the control groups (Fig. 6B ). Significantly reduced tumor weights of the GAS8-AS1 or GAS8 stable transfected xenografts were observed compared with those of the control xenografts (both p Ͻ 0.01) (Fig. 6C) . In support of that, elevated expression of GAS8-AS1 or GAS8, decreased Ki67 IHC staining, and increased GAS8 protein expression were found in the GAS8-AS1 or GAS8 xenografts (Fig. 6, D and E) . A working model summarizing relationships between the lncRNA GAS8-AS1-GAS8 axis and tumorigenesis is shown in Fig. 6F .
Discussion
We first identified lncRNA GAS8-AS1 as a significantly mutated gene in thyroid cancer (20) . However, little is known about its involvement and downstream signaling in HCC development. In the current study, we find that lncRNA GAS8-AS1 recruits the MLL1/WDR5 complex to the GAS8 promoter, induces elevated H3K4me3 modification, facilitates RNA Pol II enrichment, and consequently activates GAS8 expression for the first time. Significantly positive correlations between expressions of these two genes in tissue specimens support the key regulatory role of lncRNA GAS8-AS1 on GAS8 expression. A series of in vitro and in vivo gene gain or loss assays prove the tumor suppressor nature of GAS8-AS1 and GAS8 during hepatocarcinogenesis. In support of this, we observed significantly reduced expression of both genes in human HCC tissues compared with normal tissues.
GAS8, previously known as "growth arrest-specific 11," locates in chromosome 16, which is sometimes deleted in breast and prostate cancer (26) . GAS8 is commonly up-regulated in growth-arrested cells and is a candidate tumor suppressor. Consistently, we found that GAS8 can inhibit malignant characteristics, including proliferation, invasion, and metastasis, in HCC and thyroid cancer (20) . Interestingly, a genomewide local ancestry approach identifies GAS8 and its genetic variants associated with chemotherapeutic susceptibility (27) . In line with this, we also observed joint effects between GAS8 and sorafinib on inducing apoptosis of HCC cells. This could be due to the possibility that GAS8, an evolutionarily conserved microtubule-binding protein (28) , may interfere with microtu- 
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bule function because multiple anti-cancer drugs, including taxol, also target microtubule function. Additionally, GAS8 has also been proved to be involved in cytoskeleton function (29) , male gametogenesis (30) , motile cilia function (31) , and primary ciliary dyskinesia (32, 33) .
In all, we found that lncRNA GAS8-AS1 is required to maintain the GAS8 promoter in an open chromatin state. In accord with this notion, knockdown of GAS8-AS1 results in reduced MLL1/WDR5 binding, decreased H3K4me3 levels, diminished RNA Pol II functions, and gene silencing of GAS8. Thus, lncRNA GAS8-AS1 may function as part of a surveillance mechanism that maintains activation of GAS8 promoter and transcription, which thus prevents carcinogenesis. Our results elucidate the prevalent involvement of regulatory lncRNAs in cancers and provide pathogenic insights into HCC development and treatment.
Materials and methods
Patient cohorts
A total of 82 HCC patients were enrolled in this study. All patients received curative surgery for HCC in Shandong Cancer Hospital (Shandong cohort, n ϭ 25, Jinan, Shandong Province, China) and Huaian No. 2 Hospital (Jiangsu cohort, n ϭ 57, Huaian, Jiangsu Province, China) between April 2009 and October 2016. Patients did not receive any local or systemic anticancer treatments (i.e. chemotherapy or radiotherapy) before the surgery. All patients were postoperatively followed after surgery until January 2017, with a median follow-up of 13 months for Shandong cohort (range, 5-54 months) or 18 months for Jiangsu cohort (range, 6 -70 months). The basic clinical-pathological characteristics of the patients are summarized in Table S1 . This study was approved by the institutional review boards of Shandong Cancer Hospital and Huaian No. 2 Hospital for human or animal studies. At recruitment, written informed consent was obtained from each subject. The studies abide by the Declaration of Helsinki principles.
Quantitative RT-PCR (qRT-PCR) and Western blotting
Total RNA was isolated from surgically removed tissues or HCC cells with TRIzol reagent (Invitrogen). After treatment with RNase-free DNase to remove genomic DNA (Invitrogen), RNA samples were then reverse-transcribed into cDNAs using PrimeScript RT Master Mix (TaKaRa, Japan). GAS8-AS1, GAS8, and ␤-actin mRNAs were measured through qRT-PCR using SYBR Premix Ex Taq (TaKaRa). The GAS8-AS1 and GAS8 RNA expression was calculated relative to the ␤-actin expression (20, 34 -36) .
Total cellular proteins were separated with SDS-polyacrylamide gel and transferred to a polyvinylidene fluoride membrane (Millipore). The polyvinylidene fluoride membrane was then incubated with anti-GAS8 antibody (Abcam, ab209415) or anti-GAPDH antibody (0411, Santa Cruz Biotechnology, Inc., sc-47724). GAS8 and GAPDH proteins were visualized with enhanced chemiluminescence reagents (Millipore).
Cell proliferation, apoptosis, and cell cycle analyses
For gene overexpression, HepG2 and SMMC7721 cells were transfected with pcDNA3.1-GAS8-AS1 (GAS8-AS1), pcDNA3.1-GAS8 (GAS8), or pcDNA3.1 (Vector). To silence expression of endogenous GAS8-AS1 and GAS8, these HCC cells were transfected with GAS8-AS1 siRNA (siGAS8-AS1-1, siGAS8-AS1-2, and siGAS8-AS1-3), GAS8 siRNA (siGAS8-1, siGAS8-2, and siGAS8-3) (Table S2 ), or NC RNA (Genepharma), respectively. Cells were harvested and counted at 24, 48, and 72 h after transfection. HCC cells were treated with 1 mol/liter sorafenib at 24 h after transfection and collected after another 24 h. Apoptosis was determined using the Alexa Fluor 488 annexin V/Dead Cell Apoptosis Kit (Invitrogen) with a FACSCalibur flow cytometer (BD Biosciences). For cell cycle analyses, transfected cells were dyed with PI and detected with the FACSCalibur flow cytometer.
Colony formation assays
A total of 2000 HepG2 or 3000 SMMC7721 cells were seeded into a 6-well cell culture plate and transfected with different gene expression constructs (GAS8-AS1, GAS8, or vector) or siRNAs (siGAS8-AS1-1/-2/-3, siGAS8 -1/-2/-3, or NC RNA). After 12 days, cells were washed with cold PBS twice and fixed with 3.7% formaldehyde. After cells were dyed with crystal violet, colony number in each well was counted.
Wound-healing and transwell assays
The wound-healing and transwell assays were performed using HepG2 or SMMC7721 cells transfected with different gene expression constructs or siRNAs as described previously (35, 36) . In wound-healing assays, the average extent of wound closure was quantified after the HepG2 or SMMC7721 cell layer was scratched at different time points. For transwell assays, HCC cells that migrated from BD Matrigel to the lower wells through pores were stained with 0.2% crystal violet solution and counted.
Subcellular fractionation
The cytosolic and nuclear fractions of SMMC7721 or HepG2 cells were separately isolated using the nuclear/cytoplasmic Isolation Kit (Biovision, San Francisco, CA) according to the manufacturer's instructions. Figure 5 . lncRNA GAS8-AS1 activates GAS8 expression via recruiting the MLL1/WDR5 complex to the GAS8 promoter and modulating promoter H3K4me3. A, knockdown of GAS8-AS1 with its siRNAs in HepG2 or SMMC7721 cells leads to significantly decreased mRNA and protein expression of GAS8. B, lncRNA GAS8-AS1 predominantly locates in the nuclear fraction in HCC cells. C, DNA fragments a, b, c, d, and e around the promoter region of GAS8 are detected using ChIP-qPCR. D, ChIP-qPCR results showed reduced H3K4me3 and RNA Pol II occupancy at the GAS8 promoter after silenced expression of endogenous lncRNA GAS8-AS1. E, RNA pulldown was performed by incubating in vitro-transcribed biotinylated transcripts of GAS8-AS1 or antisense GAS8-AS1 (negative control) with nucleus HepG2 cell extracts followed by detection of the presence of the GAS8-AS1 RNP complex by Western blotting. Both the GAS8-AS1 RNP complex components, MLL1 and WDR5, were detected in GAS8-AS1 pulldown, but not in GAS8-AS1 antisense pulldown. F, knockdown of GAS8-AS1 significantly inhibits MLL1/WDR5-mediated H3K4me3 of the GAS8 promoter in HepG2 cells. G, RNA-IP assays suggested that GAS8-AS1 may physically interact with the MLL1/WDR5 complex. Results of the mean of triplicate assays with S.D. (error bars) are presented. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001. Figure 6 . lncRNA GAS8-AS1 and GAS8 inhibit HCC growth in vivo. A, growth of tumors from GAS8-AS1 or GAS8-up-regulated HepG2 xenografts was significantly suppressed. B, there were no significant differences of mice weight between GAS8-AS1, GAS8, and control groups. C, significantly decreased tumor weights of the GAS8-AS1 or GAS8 xenografts were found. D, evidently increased expression of GAS8-AS1 or GAS8 was found in the GAS8-AS1 or GAS8 xenografts. E, representative pictures of HE staining, Ki67 IHC staining, and GAS8 IHC staining of xenografts. F, a working model summarizing relationships between the lncRNA GAS8-AS1-GAS8 axis and tumorigenesis **, p Ͻ 0.01. Error bars, S.D.
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lncRNA GAS8-AS1 suppresses HCC progression Quantitative DNA methylation analyses
Primers were designed to cover most CpG sites of the CpG island located near the GAS8 promoter region. The CpG island includes a part of the 5Ј-flanking region, whole exon 1, and a part of intron 1. Genomic DNA samples were modified by bisulfite reaction, and the mass spectra were collected using a MassARRAY Compact MALDI-TOF (Sequenom, San Diego, CA). The EpiTYPER software was used to generate the spectra's methylation ratios (Sequenom).
ChIP
All ChIP assays were performed using the EZ-ChIP chromatin immunoprecipitation kit (Millipore). HepG2 cells transfected with the GAS8-AS1 expression construct, vector, GAS8-AS1 siRNAs mixture (siGAS8-AS1-mix), or NC RNA were cross-linked in 1% formaldehyde. Genomic DNA was extracted from the fixed-chromatin cells and then subjected to IP with antibodies against H3K4me3 (Millipore, 17-614), Pol II (Millipore, 05-623B), MLL1 (Bethyl, A300-374), WDR5 (Abcam, ab56919), or normal mouse IgG (Millipore, 12-1371B). Purified DNA was analyzed by qPCR with five pairs of primers shown in Table S2 .
RNA pulldown
GAS8-AS1 was amplified by PCR and cloned into a modified pMD19-T vector (TaKaRa) with inserted T7 promoter before and after the TA cloning site to prepare a plasmid construct as the template for RNA synthesis. The constructs were linearized and transcribed in vitro with biotin RNA labeling mix and T7 RNA polymerase (MEGAscript T7 transcript kit, Thermo Fisher Scientific) and purified with the RNeasy minikit (Qiagen). Sense or antisense biotinylated GAS8-AS1 RNAs were incubated with nucleus extracts at 4°C for 1 h. Streptavidin magnetic beads were then washed with 100 l of 1ϫ Wash Buffer three times. Proteins bound were recovered by further incubating streptavidin magnetic beads with 50 l of elution buffer at 37°C for 30 min. The retrieved proteins were then detected by Western blotting with either antibodies of MLL1 (Bethyl, A300-374) or WDR5 (Abcam, ab56919).
RNA IP
RNA IP assays were performed using the Magna RIP RNAbinding protein immunoprecipitation kit (Millipore) with the MLL1 (Bethyl, A300-374) and WDR5 (Abcam, ab56919) antibodies or nonspecific purified rabbit IgG (Millipore, pp64b). The MLL1 or WDR5 antibody was then recovered by magnetic beads protein A/G. lncRNA GAS8-AS1 and ␤-actin RNA levels in the precipitates were measured by qRT-PCR.
HCC xenografts
To evaluate the in vivo anti-tumor role of GAS8-AS1 and GAS8, we first transfected HepG2 cells with pcDNA3.1-GAS8-AS1 (GAS8-AS1), pcDNA3.1-GAS8 (GAS8), or pcDNA3.1 (Vector). After G418 (Geneticin) selection, we isolated stable cell clones with relative high expression of GAS8-AS1 or GAS8. A total of 3 ϫ 10 8 HepG2 cells with stable transfection of GAS8-AS1 or GAS8 or pcDNA3.1 vector were inoculated subcutane-ously into fossa axillaris of 5-week-old male nude BALB/c mice (Vital River Laboratory, Beijing, China) (n ϭ 5/group). Tumor volumes were measured every 2 days after tumor volumes were Ն90 mm 3 . All procedures involving mice were approved by the institutional review board of Shandong Cancer Hospital.
Statistics
Student's t test was used to compare differences between two groups. The difference between three or more groups was calculated using one-way analysis of variance. The significance of association between GAS8-AS1 and GAS8 expression was calculated using Spearman's correlation. Kaplan-Meier plots and Cox proportional hazard regression analyses were performed to examine association between GAS8-AS1 or GAS8 expression and OS of HCC patients. A p value of Ͻ0.05 was used as the criterion of statistical significance. All analyses were performed with GraphPad Prism version 5 (GraphPad Software, Inc.) or the SPSS software package version 16.0 (SPSS Inc.).
Author contributions-M. Y. contributed to conception and design. W. P. and M. Y. contributed to acquisition of data or analysis and interpretation of data. M. Y., W. P., N. Z., W. L., J. L., L. Z., and Y. L. drafted the article.
